Summary The aim of this study was to compare how conventional stem harvesting (CH) and whole-tree harvesting (WTH) in the first, and in some cases also in the second, thinning affect the needle nutrient status of Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.) stands in Finland. A series of 12 long-term field experiments was studied. The experiments were established during 1978-86. The effects of logging residue removal after thinnings on the needle nutrient concentrations were generally minor and without any overall trends, but there were differences between experiments. Trees tend to maintain their current needle nutrient concentrations at the same level by re-utilizing the nutrients stored in the older tissues and by changing C allocation in the whole tree. Thus, needle analysis should be combined with stem growth data in order to achieve a more comprehensive understanding of the effects of WTH on the nutrient status of trees.
Introduction
Logging residues are increasingly being used as a source of bioenergy. One reason for this is that, according to the Kyoto Protocol, countries have to maintain their carbon dioxide emissions at the same level as in the year 1990, e.g., in the case of Finland 76.5 Mt of carbon dioxide equivalent per annum (Hakkila 2006) . One way to achieve this goal is to increase the use of renewable energy. Bioenergy from the forests is regarded as a possible replacement for fossil fuels. It is generally assumed that biomass is a CO 2 -neutral energy carrier because the carbon dioxide emitted during the combustion of logging residues is reutilized by growing plants (Schlamadinger et al. 1995) . Thus, the burning of logging residues is not considered to increase carbon dioxide emissions into the atmosphere.
The consumption of logging residues for energy production in Finland was 3.5 milj m 3 in the year 2006, which was an increase of 17% over the level in 2005 (Ylitalo 2007 ). The aim is to double this amount by the year 2010 (Laitila et al. 2008) . In order to achieve this goal, logging residues will have to be utilized from almost every clear-cut area. It has been suggested that the annual amount of potential forest bioenergy sources in Finland is 16 million m 3 (Laitila et al. 2008 ). The increased need for bioenergy has resulted in more intensive use of the forests. Whole-tree harvesting (WTH) has become a common practice in clear-felling in Finland. WTH removes most of the above-ground tree parts (stems, needles, branches, twigs), whereas in conventional harvesting (CH) all the logging residues are left on the site.
Removing logging residues increases the export of nutrients from the forest. The degradation of long-term site productivity after WTH is one of the concerns that have been widely discussed (Mälkönen 1976 , Kimmins 1977 , Freedman et al. 1986 , Compton and Cole 1991 , Proe et al. 1996 , Egnell and Leijon 1997 , Bélanger et al. 2003 , Rosenberg and Jacobson 2004 . A decrease in the amount of soil organic matter after WTH is another potential threat (Mälkönen 1976 , Olsson et al. 1996 .
Logging residues are usually removed after clear-felling, but, nowadays it is not uncommon to remove residues at thinnings, too. WTH at thinnings has been suggested as an additional source of biomass for energy purposes and to make thinning operations more profitable (Rolff and Ågren 1999) . However, WTH after thinnings may have a greater negative impact on site productivity than WTH after clear-felling. At the time when Scots pine and Norway spruce stands are thinned, the tree crown contains about one-third of the dry matter but two-thirds of the total amount of nutrients (Mälkönen 1976) . When logging residues are removed after first thinnings, the remaining trees are still in an early stage of stand development, and their demand for nutrients is high. When logging residues are left on site after thinning, N in the residues is mineralized and is utilized by the remaining trees (Hyvönen et al. 2000) . Consequently, WTH after thinnings may cause a decrease in soil nutrient availability (Mäl-könen 1976 , Egnell and Leijon 1997 , Nord-Larsen 2002 , Jonard et al. 2006 . As a result, the effects of WTH after thinnings compared to WTH after clear-felling are mainly explained by the relationship between nutrient demand and the timing of harvest.
There is evidence that WTH after thinnings can cause a reduction in tree growth (Jacobson et al. 2000 , Nord-Larsen 2002 . According to Jacobson et al. (2000) , WTH after thinning reduced tree volume growth in both Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.) stands by 5 and 6%, respectively, during the first 10-year period. Jacobson et al. (2000) suggested that the reduction of volume growth resulted from the reduced N supply. Jonard et al. (2006) reported that the effects of thinning on tree growth are well known, but its influence on the soil or foliar nutrient status is poorly documented. Nord-Larsen (2002) investigated site productivity following WTH together with early thinnings of Norway spruce on two nutrient-poor sites in Denmark. He concluded that WTH (when residues were collected green) might lead to a short-term (4 years after establishment of the experiment) volume growth reduction in the remaining stands and that the effect might be attributed to increased removal of nutrients (N, P, K, Mg and B). NordLarsen (2002) also found indications that WTH might affect the needle P concentrations, which were lowest after the WTH (green) treatment. In contrast to Jacobson et al. (2000) , Nord-Larson did not find any treatment effects in volume growth 10 years after WTH.
Long-term studies on the effect of logging residue removal after thinnings on needle nutrient status are rare. Here we report the results from 12 long-term thinning experiments in Finland. The aim of this study was to compare how conventional stem harvesting and whole-tree harvesting in the first, and in some cases also in the second, thinning affect the needle nutrient status of Scots pine and Norway spruce stands. As WTH after thinnings has been reported to reduce the growth of remaining trees (Jacobson et al. 2000) , we hypothesize that the removal of nitrogen and base cations in logging residues would lead to lower concentrations in the needles due to decreased nutrient availability.
Materials and methods

Experimental sites and treatments
A series of 12 long-term field experiments was studied, five experimental sites dominated by Norway spruce and seven by Scots pine (Table 1, Figure 1 ). The field experiments were established during 1978-86, and the tree stands at the time were young or middle-aged (Table 2) . The experiments were randomized by block design, with mainly three blocks at each site. Plot size varied from 25 × 25m to 30 × 30m. Each plot was surrounded by buffer zones at least 5 m wide.
The first thinning took place at the time of the establishment of the experiments. Ten years after the first thinning, all the spruce stands and two of the pine stands (729 and 734) were thinned again. The thinning intensity in the experiments varied between 25 and 40% of the standing tree basal area (Table 3 ) and was performed as low-thinning. The amounts of biomass and nutrients in the logging residues were considerably greater in the spruce stands than in the pine stands (Table 3 and Figure 2) . The experiments were located in different climatic conditions and on different site types ( varied from 20 to 29m and of the spruce stands from 28 to 32m (Table 1) .
The treatments comprised: 1. WTH, whole-tree harvesting in which all logging residues were removed from the site 2. CH, conventional or stem-only harvesting with all logging residues left at the site 3. CH+R, Conventional harvesting with addition of extra residues from a neighbouring WTH plot.
Tree stand measurements
The tree stand measurements were done at the time the experiments were established and after 5 and 10 years. The breast height diameter of all the trees was measured to an accuracy of 1mm. On each plot, at least 25 permanent sample trees representing different size categories were chosen for tree height measurement using a hypsometer to an accuracy of 1dm.
The stand characteristics at each measurement round were calculated using the KPL calculation program for sample plots (Heinonen 1994) . A function based on breast height diameter and tree height was used for calculating the volume of the sample trees (Laasasenaho 1982) . The height and volume of trees other than the sample trees were estimated by means of regression equations.
In the first thinning round of the older experiments (721-728), the removed trees were chipped and weighed fresh. Chip samples were used to determine dry mass and nutrient concentration of slash. In other cases, the slash biomass components were estimated using felled sample trees (cf. Jacobson et al.
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Figure 2. Amounts of nutrients removed in logging residues from the pine and spruce stands in the first and second thinning in the WTH treatment. This figure appears in colour in the online version of Tree Physiology. (1), and after the second (2) and third (3) needle sampling. Sampling years are presented in italics for each experiment. n.d., not determined.
1996), and nutrient concentrations in each biomass component of the logging residue were determined.
Needle sampling
The first needle samples were collected at the time of establishment of the experiments. Needle samples were subsequently collected on two to three occasions (Tables 4 and 5 ), the collection period varying from 3 to 20 years. Current-year needle samples were collected during the winter before fertilization. Samples were taken from the third to fifth branch whorl, counting from the top, on the southern side of the crown of 5 to 10 sample trees per plot, randomly selected from the dominant crown layer. The needle samples were dried (70°C, 48 h), and the needle nutrient concentrations as well as the needle unit mass were determined separately for each tree. The concentrations of P, K, Ca, Mg, Mn, Cu, Zn, Fe and B were determined on finely ground needles by dry digestion (550°C for 2 h), followed by extraction with HCl (Halonen et al. 1983 ). The filtered solutions were analysed by inductively coupled plasma atomic emission spectrophotometer (ICP/AES). The N concentration was determined on a CHN-600 (Leco) analyser. The dry mass per needle was determined for each sample tree. 
Calculations and statistical analysis
In the cases where there were two treatments, the statistical significance of the difference in the needle nutrient concentrations and volume increment was tested using the independent-samples t-test. The equality of variances was tested with Levene's test. Pooled or separated variances were used depending on the equality of the variances. When there were three treatments, the statistical differences were tested using one-way ANOVA. Treatment effects on needle nutrient status were tested using SPSS 16.0. Treatment effect was statistically significant when the P value was less than 0.05.
Results
The effects of logging residue removal after thinnings on the tree needle nutrient concentrations were generally minor (Tables 4 and 5 ). In some experiments, however, WTH negatively affected the needle nutrient status, but there were no overall trends common to all experiments. Even though the WTH plots in most of the spruce experiments appeared to have a lower volume increment, there were no significant differences between the treatments 5-10 years after establishment. The signs that WTH reduced volume increment 5-10 years after establishment were the clearest in two experiments (Figure 3 ), Pine Experiment 728 (P = 0.10) and Spruce Experiment 723 (P = 0.06).
Scots pine stands
In the pine stands, there were a few significant differences between WTH and CH/CH+R in the needle nutrient concentrations. Differences in needle N concentrations between the treatments usually occurred 3-10 years after establishment, while the few differences between treatments detected in the concentrations of base cations, P and B, were found up to 14 years after establishment. There was a significant (P = 0.04) difference in the needle N concentration between the treatments in one experiment (Experiment 734) (Table 4) . In this experiment, the needle N concentrations were higher 3 years after establishment in the CH than in the WTH treatment. In contrast, the needle N concentrations tended to be higher after WTH than after CH or CH +R in Experiment 722 (P = 0.13) 3 years after establishment.
In Experiment 726, the needle P concentration was significantly (P = 0.04) lower 14 years after establishment after WTH than after CH+R. In the other pine experiments there were no indications that logging residue removal had affected the needle P concentrations.
The needle K concentration was significantly (P = 0.01) lower after CH than CH+R in Experiment 726 3 years after establishment, and significantly (P = 0.02) lower also after WTH than CH+R 14 years after establishment. The K concentrations were significantly (P = 0.02) lower after WTH than CH+R in Experiment 728 3 years after establishment. In contrast, K concentration was significantly (P = 0.02) higher in the northern Experiment 729 after WTH than CH four years after establishment.
In Experiment 722, the needle Ca concentrations 3 years after establishment were significantly (P = 0.01) lower after CH +R than CH. In Experiment 734, the needle Mg concentrations were significantly (P = 0.01) lower 10 years after establishment after WTH than CH. In Experiment 728, the needle B concentration was significantly (P = 0.02) lower 14 years after establishment after WTH than CH. In Experiment 729, the needle B concentration in the WTH treatment was significantly (P = 0.05) higher 2 years after establishment than in the CH treatment.
In Experiment 729, the dry mass per needle was significantly (P = 0.04) higher 4 years after establishment after WTH than CH.
Norway spruce stands
Even if the logging residues were removed twice after thinnings on spruce sites with varying site fertility and climatic conditions, there were only a few significant differences in the needle nutrient concentrations between treatments. 
LOGGING RESIDUE REMOVAL: IMPACT ON NEEDLE NUTRIENTS
The needle N concentration was significantly (P = 0.01) lower after WTH than after CH in Experiment 721 5 years after establishment (Table 5) .
The needle P concentrations were significantly (P = 0.001) higher after CH than after WTH and CH+R in Experiment 723 10 years after establishment. No other treatment effects on needle P concentration were found.
In Experiment 723, the needle K concentration was significantly (P = 0.00) lower 5 years after establishment after WTH than after CH+R. In Experiment 721, the Ca concentrations were significantly (P = 0.003) lower after WTH than CH+R 20 years after establishment. In Experiment 721, the dry mass per needle was significantly (P = 0.04) lower after WTH than CH+R 5 years after establishment.
Discussion
On mineral soils in boreal forests, the amount of available N is known to be the most important factor limiting the growth of trees (e.g., Saramäki 1983, Tamm 1991) . As a result, it is especially important to know how the removal of logging residues affects the N status and N cycle of the stand and site. Sustainable forest management can only be achieved through the maintenance of soil fertility (Ranger and Turpault 1999) . In order to achieve this goal, however, it is important to know the nutrient input-output balance on different types of site (Helmisaari 1995) .
Forest soils contain large amounts of N. In a young Scots pine stand in Finland, the amount of nitrogen (organic layer + uppermost 30 cm mineral soil layer) was reported to be 1290 kg ha −1 (Helmisaari 1995 ). However, a deficiency of available N is common because most of the nitrogen in forest soils is in an organic form, and the annual rate of N mineralization is only about 0.5-3% (Smolander et al. 2000) . In addition, N deposition in Finland is very low, only ca. 2-6 kg ha −1 year −1 (Vuorenmaa 2007) . Thus, logging residues, especially green needles, are an important component in the N cycle. Most of the N in logging residues is mineralized and becomes available to the remaining trees after thinnings (Hyvönen et al. 2000) . In this study, the amounts of nitrogen removed in the first thinnings varied in the spruce stands from 58 to 129 kg ha −1 and in the pine stands from 24 to 59 kg ha −1 . In one of the spruce stands, the nitrogen removal after the first thinning was over 100 kg ha −1 , and the treatment was repeated after 10 years leading to a total nitrogen removal of over 200 kg ha
. This is a considerable amount of nitrogen, and its removal may affect the growth of remaining trees. Indeed, there is evidence that the removal of logging residues after thinnings decreases the growth of the remaining trees (Jacobson et al. 2000 , Nord-Larsen 2002 .
Our results did not overall support the hypothesis that the removal of nutrients in logging residues would lead to lower nutrient concentrations in current needles due to decreased nutrient availability, but there were differences between the experiments. The nitrogen concentration in needles was significantly higher in one pine stand (Experiment 734) and in one spruce stand (Experiment 721) after the CH or CH+R treatments compared with WTH. However, 10 years after establishment, there were no significant differences in the volume growth of these experiments (Figure 3) .
Spruce Experiment 721 is located in south-east Finland. Based on understorey classification, the site type is N-rich Oxalis-Myrtillus type (OMT) (Cajander 1949) , and the soil texture is fine sand. Although theoretically the site type should be nutrient rich, there were indications that the trees were suffering from a shortage of nitrogen, and the N concentrations in the needles at the time of establishment were below the deficiency level (Jukka 1988) and the lowest in all five spruce experiments. In all treatments (WTH, CH and CH+R) in Experiment 721, the needle N concentrations increased after establishment, but the increase was the highest in the CH treatment. Five years after establishment, the N concentrations were moderate (see Jukka 1988) after WTH and CH+R and adequate after CH.
Pine Experiment 734 is located in south-east Finland, and the soil texture is fine sand. The site index in this experiment is relatively high (28) for a pine stand, and the needle N concentrations were moderate at the time of establishment. Three years after establishment, the needle N concentrations after WTH had remained at the same level but increased to adequate after CH. Thus, leaving the logging residues on the site had a positive effect on the needle N concentration.
Our results showed no clear trends in the base cation concentrations in the needles, but the K concentrations were smaller after WTH than after CH or CH+R in some experiments. The K concentrations also remained at a moderate or adequate level, except in Spruce Experiment 723 where the K concentrations were low in WTH 20 years after establishment. Potassium is a highly mobile nutrient (Helmisaari 1992a) and is rapidly released from logging residues. Rosenberg and Jacobson (2004) found no overall treatment effect on the soil K concentration after repeated slash removal in thinned stands, and this may be explained by the uptake of K by plants or leaching. A decrease in base cation availability after WTH was reported by Thiffault et al. (2006) , who investigated the impact of harvesting intensity on soil and foliar nutrient status in Balsam fir (Abies balsamea), black spruce (Picea mariana) and jack pine (Pinus banksiana Lamb.) stands in the boreal coniferous zone of Quebec. They suggested that, about 15-20 years after clear-cutting, WTH resulted in lower availability of base cations in the upper soil layers compared to the situation with conventional harvesting. They also found lower soil and foliar Ca concentrations after WTH.
Long-term studies on the effects of WTH after thinnings are rare, since most of the studies have concentrated on the effect of WTH after clear-felling. WTH after clear-felling removes considerably more nitrogen than WTH after thinnings, but the newly planted saplings are in the early stage of stand development, and their nutrient requirements are smaller (Rolff and Ågren 1999) . Despite the low nutrient demands of new saplings, there are reports suggesting that WTH after clear-felling affects the nutrient status of the new saplings. Olsson et al. (2000) reported higher needle N concentrations in second rotation Scots pine and Norway spruce stands after CH than after WTH. In comparison to our results concerning WTH after thinnings, Olsson et al. (2000) found that the difference between the effects of the treatments on the N concentrations occurred 8-10 years after final harvesting and had decreased at the stand age of 22-24 years. concluded that leaving logging residues on the site after final harvesting will have a positive influence on the nutrient levels in the foliage of second-rotation trees.
Decomposition is slow in boreal forests, and investigating the effects of logging residue removal therefore needs longterm studies. In our study, the few differences in the N concentrations were detected 3-5 years after thinnings but no longer 10 years after the thinnings, while the few differences detected in the concentrations of base cations, P and B, were found up to 14 years after establishment. Hyvönen et al. (2000) suggested that the mass loss from green needles, which are the most important source of N, was 62-82% of the initial mass 3-8 years after logging residues had been left on the site. The weight loss is more rapid than the nitrogen loss, which usually starts after an initial period of nitrogen immobilization. Hyvönen et al. (2000) also suggested that no net release of nitrogen from branches had occurred during their experiment. As branches decompose slower than needles, the rate of N and P release from branches would be higher during the first 15 to 20 years after harvesting, and most of the initial stores of N and P would have been released from logging residues 100 years after harvesting (Hyvönen et al. 2000) .
Changes in the availability of growth-limiting nutrients affect biomass production, and biomass changes may affect nutrient concentrations through dilution effect (Mälkönen et al. 1990 ). Thus, even if nutrient concentrations decreased after WTH in only a few experiments, it is possible that the needle mass was affected. According to Helmisaari et al. (2009) , under nitrogen-deficiency conditions, the tree regulates its needle N concentrations by adjusting the fine root: foliage ratio in accordance with N availability. A decreased needle mass would maintain the N concentrations on a similar level even with a lower soil availability. However, the mass of 1000 needles, which was determined throughout our study, showed almost no differences between the treatments. Thus, these results do not support the occurrence of changes in dry mass per needle, but they do not exclude the possibility of changes in the number of needles and, furthermore, in the total needle mass of the trees.
In our experiments, the current needles were sampled in winter according to the common practice in field experiments in the Nordic countries. The concentrations of phloem-mobile nutrients (N, P, K and Mg, especially) are at their maximum in current needles during the winter, as a result of both nutrient uptake and retranslocation from senesced, older needles (Helmisaari 1992a, b) . Retranslocation is a process which helps to maintain adequate concentrations of mobile nutrients in the most actively photosynthesizing current needles.
Nutrient concentrations in tree tissue are related to soil availability, but they also reflect the pattern of C allocation within the whole tree, including stems. Needle nutrient concentrations may reveal a change in soil nutrient availability only in conditions with a strong deficiency, while a more moderate long-term increase or decrease in the availability of a limiting nutrient may be detected by studying carbon allocation to tree components, such as the response of diameter or volume growth.
The volume growth results obtained 5-10 years after establishment (Figure 3) showed that stem C allocation in most of the Norway spruce and in a number of the Scots pine experiments may have been reduced, although not significantly, in response to reduced N availability after WTH. Thus, these results point in the same direction as the model of Mäkelä et al. (2008) based on empirical data, according to which C allocation to wood decreases, to fine root increases and to the foliage remains constant with decreasing N availability.
In the case of N deficiency caused by WTH, the trees may maintain their current needle concentrations by re-utilizing the nitrogen stored in older needles and by allocating less C to stem growth but more C into fine root and mycorrhiza growth in order to increase N uptake (Helmisaari et al. 2009 ). Consequently, we conclude that needle analyses alone may not be a sensitive enough method to quantify the effects of WTH. Long-term stem growth data will be needed to achieve a more comprehensive understanding of the effects of WTH on the site nutrient status and productivity.
